Protein phosphorylation is a ubiquitous post-translational modification and protein kinases, the enzymes that catalyze the phosphoryl transfer, are involved in nearly every aspect of normal, as well as aberrant, cell function. Here we describe the synthesis of novel, red-shifted 8-hydroxyquinoline-based fluorophores and their incorporation into peptidyl kinase activity reporters. Replacement of the sulfonamide group of the sulfonamido-oxine (1, Sox) chromophore, which has been previously used in kinase sensing, by a 1,4-substituted-triazole moiety, via click chemistry, resulted in a significant bathochromic shift in the fluorescence excitation (15 nm) and emission (40 nm) maxima for the Mg 2+ chelate. Furthermore, when a click derivative was incorporated into a chemosensor for MK2, the kinase accepted the new substrate as efficiently as the previously reported Sox-based sensor. Taken together, these results extend the utility range of kinase sensors that are based on chelation-enhanced fluorescence (CHEF).
Introduction
The ubiquitous process of protein phosphorylation is central to signal transduction and regulation in all living organisms. By catalyzing transfer of the -phosphoryl group of ATP to the side chains of serine, threonine, and/or tyrosine, protein kinases play an important role in regulating many aspects of cellular function in eukaryotes, including proliferation, cell cycle, metabolism, transcription, and apoptosis. 1 Since many protein kinases are associated with a wide variety of diseases, from cancer to inflammation, 2-6 they have also emerged as attractive targets for drug discovery. Thus, tools that allow for facile monitoring of kinase activity are in great demand in both pharmaceutical and academic settings. Recently, our laboratory reported versatile peptide sensors for the continuous fluorescencebased assays of Ser/Thr and Tyr kinase activities that utilized the sulfonamido-oxine (Sox) chromophore, which was introduced into peptides either as the Sox 7, 8 or C-Sox 9 residue (Figure 1 ). The
Sox-containing peptide substrates show low fluorescence, but upon phosphorylation the chromophore binds to Mg 2+ with greater avidity and undergoes chelation-enhanced fluorescence (CHEF). Such probes have been successfully used to monitor various kinases both with recombinant enzymes and in crude cell lysates. 10 To expand the scope of these sensors in order to visualize kinase activities in living cells, the photophysical properties of the chemosensor should be improved by modulating the excitation and the emission wavelengths of the quinoline reporter to longer, lower energy wavelengths. The use of lower energy to irradiate such fluorophores would minimize photodamage to biological systems, and would mitigate problems with high background signals that commonly complicate in cellulo studies.
Finally, the addition of another distinctly colored chromophore could allow simultaneous visualization of activities among multiple kinases.
Toward that goal, herein we report studies on the chemical modification of the 8-hydroxyquinoline (Oxn) moiety in order to develop it as a building block for the assembly of new phosphorylation sensors. In particular, shifts in fluorescence excitation (15 nm) and emission wavelengths (40 nm) are reported through the substitution of p-bromophenyl triazole into the 5 position of Oxn (Clk). The Clk fluorophore was then incorporated into peptidyl kinase substrates through the cysteine residue side chain (C-Clk). Moreover, the C-Clk-based chemosensor for MK2 was shown to be an efficient reporter of MK2 activity when compared to the existing C-Sox-based probe.
FIGURE 1.
Derivatives of 8-hydroxyquinoline-based amino acids used to report kinase activity through CHEF.
Results and Discussion
Synthesis and Screening of Oxn Derivatives. In the first phase of studies, a selection of substituted hydroxyquinoline derivatives related to the original sulfonamide derivative (1), but bearing different acceptor groups at position 5 (2-7) were prepared using previously described methods (see the Supporting Information). These analogs were screened for fluorescence in the presence of excess Mg
2+
and under buffered aqueous conditions. Table 1 lists key spectroscopic data for compounds 1-7. Notably, the excitation and emission wavelengths of the magnesium-bound complexes are similar to those of the original Sox derivative (1).
However, the quantum yields, measured by standard methods, 11 are poorer. Indeed, only the aldehydesubstituted chromophore (2) showed an improved quantum yield. Nonetheless, this derivative was not appropriate for further studies because it exhibited a shorter  em , and the aldehyde group can be easily oxidized in biological systems. In light of these findings, we focused on 8-hydroxyquinoline derivatives with substitution at position 5 that extended the conjugation of the quinoline ring system. In the extended aromatic systems the π-π* gap would be reduced, 12 thereby resulting in longer excitation and emission wavelength maxima. Since the triazole ring is a versatile and readily installed linkage that has been used to extend the conjugation of diverse aromatic systems, 13, 14 we envisioned that installation of this moiety into the Oxn core could potentially provide red-shifted derivatives. The azide substitution at position 5 of the hydroxyquinoline would afford a non-fluorescent intermediate that could be readily subject to 1,3-dipolar cycloaddition with a variety of terminal alkynes using the Cu(I)-catalyzed
Huisgen reaction. For this purpose azide 8 was prepared using previously reported methods (Scheme 1). 16 As expected,
15
8 showed no fluorescence due to the quenching effect of the electron-rich azido group. 13 In the presence of catalytic Cu(I) and ascorbic acid 8 reacts readily at room temperature with 1-ethynylcyclohexene (9a)
in DMF/4-methylpiperidine (8:2) to afford the cycloaddition product 10a in excellent yield. In the presence of 10 mM MgCl 2 quinoline 10a has a  ex of 371 nm and a  em of 522 nm due to the elimination of azide quenching after formation of the triazole ring. Despite the poor quantum yield of 10a (, this initial result in the shift of the emission wavelength encouraged us to screen addiional triazole-substituted quinolines by investigating the spectroscopic properties of products from the 1,3-dipolar cycloaddition reaction of 8 with 21 additional alkynes (9b-v).
SCHEME 1. 1,3-Dipolar Cycloaddition Reactions of 8 with 9a-v
The cycloaddition reactions were generally complete in 12 h at room temperature and were monitored by TLC and mass spectrometry. The formation of the fluorescent triazole compounds could be easily established upon exposure to a hand-held UV lamp. The fluorophores were then qualitatively compared in a 96-well plate format on a transilluminator ( ex, max = 365 nm) to identify promising compounds ( Figure 2 ) and were further subjected to quantitative analysis in a fluorescence plate reader (Table 2 and the Supporting Information). The excitation and emission wavelengths of the magnesium-bound triazole products (10b-v,  ex = 360-375 nm,  em = 510-530 nm) were improved compared to those for Sox (1, 
Synthesis and Evaluation of Clk-based Peptidyl Kinase
Substrates. The synthesis of the probes, outlined in Scheme 2, was performed using a strategy similar to that used for the preparation of the Soxbased recognition-domain focused (RDF) chemosensors. 9 Diazotization of 5-amino-2-methylquinolin-8-ol (12, prepared from 8-hydroxyquinaldine using literature methods) 21 followed by treatment of the diazonium salt with NaN 3 gave the corresponding azide 13 (66% yield). Protection of the phenolic hydroxyl group as a tert-butyldiphenylsilyl ether produced 14 (98 %), which was then brominated under free radical conditions to afford the bromide 15 (30%). To avoid dibromination, the reaction was stopped after 20 min, thereby providing a mixture of the desired product (15) and the starting material (14) , which could not be separated using standard chromatographic methods and was used in the next step without purification. Fmoc-based solid phase peptide synthesis (SPPS) was utilized to assemble the intact peptide that included an appropriately placed cysteine residue protected with monomethoxytrityl (Mmt), which is a hyper acid-labile protecting group (Scheme 2). After selective on-resin sulfhydryl deprotection, the free thiol was alkylated with 15. Then a 1,3-dipolar cycloaddition reaction with 1-bromo-4-ethynylbenzene in the presence of catalytic Cu(I) gave the corresponding triazole-substituted peptide. Standard TFA cleavage from the resin and concomitant removal of all side-chain protecting groups revealed the desired chemosensor with excellent conversion to the final product (> 95%). 
SCHEME 2. Synthesis of the RDF Chemosensors
a Location determined in reference to the chromophore. C denotes C-terminus and N stands for Nterminus.
b Asterisk (*) denotes the residue that is phosphorylated. In cases where it has been determined, residues important in kinase recognition are underlined.
c Measured in triplicate as a quotient of fluorescence intensity at 485 nm (for Sox peptides) or 525 nm (for Clk peptides) of phosphopeptide and substrate in 20 mM HEPES (pH 7.4), 10 mM MgCl 2 , and 10 M peptide (for Sox peptides  ex = 360 nm; for Clk peptides  ex = 375 nm). Table 3 Following established protocols, 9 Sox-and Clk-based substrates (entries 1 and 2, respectively, in Table   3 ) were subjected to MK2 under identical conditions and then the overall turnover of each substrate was compared. As shown in Figure 3b , MK2 phosphorylated the Clk-substrate just as efficiently as the Soxsubstrate indicating that the size of Clk chromophore does not adversely influence reaction kinetics. Due to previous work, which showed that Sox-based substrates had at least comparable, if not better kinetics than parent peptides, we believe that the Clk-based reporters will also follow the same trend for Src and other kinases. However, kinase substrate kinetics are highly empirical and, thus, new substrates will have to be experimentally evaluated, and can be improved using high-throughput, mass spectrometrybased methods. 
Conclusions
In conclusion, this report presents the synthesis, peptide incorporation and characterization of new phosphorylation chemosensors that contain 1,4-triazole-substituted 8-hydroxyquinolines and exhibit improved fluorescence properties compared to Sox. This modification results in significant red-shifts in the excitation (15 nm) and emission maxima (40 nm) of the chromophore when complexed to Mg 2+ .
Although, the Clk fluorophore exhibits a somewhat decreased excitation shifts when incorporated into a peptide to monitor kinase activity, the chromophore does not inhibit the ability of MK2 to recognize and efficiently phosphorylate the Clk-bearing probe. Together, these results effectively expand the potential capabilities of the hydroxyquinoline-based kinase sensing strategy. 
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